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Abstract
This article reviews recent advances in research of helical conformations of optically active polysilylenes in solution. The helical
conformation induces strong circular dichroism, chain stiffness, and liquid crystallinity in polysilylene chains, and it sensitively affects
electronic state in the s-conjugated silicon backbone. The helical conformation is determined by the internal rotation potential of the silicon
backbone, and it turns out that the internal potential remarkably depends on the chemical structure of side-chains bonded to polysilylenes.
Interrelations among these properties, the internal potential, and the side-chain chemical structure are discussed for optically active
poly(dialkylsilylene)s.
q 2003 Elsevier Ltd.
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1. Introduction
Polysilylene derivatives can be regarded as a counterpart
of vinyl polymers, of which backbones consist only of
silicon atoms, instead of carbon atoms, being connected
each other only with single Si–Si bonds. In spite of their
simple main-chain chemical structure, polysilylenes possess
various interesting molecular properties distinct from vinyl
polymers [1–4]. It is well known that they have unique and
interesting optical, electric, and photochemical properties
owing to the s-conjugation in the silicon backbone chains
[1,5]. In addition to these properties, it has been more
recently revealed that polysilylenes bearing optically active
side-chains exhibit remarkable chiroptical properties, which
give us the opportunity of their applications to chiral
molecular switches or memories [3,4]. The strong circular
dichroism arising from the silicon backbone in solution is
evidence that the backbone of the optically active
polysilylenes takes a helical conformation in solution.
Owing to their helical nature, global conformations of
polysilylene derivatives are also very interesting. The
rigidity of the chains remarkably depends on chemical
structures of side-chains [6–10]. Some vinyl polymers can
take helical conformations in solution, e.g. a polymetha-
crylate with bulky side groups [11], but their poor solubility
hinders from studying the global conformations in solution.
Using polysilylene derivatives, we can study the inter-
relation between the chain rigidity and side-chain structure.
(Recently, corresponding studies were made for vinyl
polymers with very long side-chains, i.e. polymacromono-
mers [12,13].)
Furthermore, the chain rigidity gives liquid crystallinity
to polysilylenes. Recently, it was found that a polysilylene
derivative possesses both lyotropic and thermotropic liquid
crystallinity [10,14]. This is another property distinctive
from vinyl polymers which do not exhibit liquid crystal-
linity unless they have mesogenic moieties [15] or very long
side-chains (polymacromonomers) [16–18].
Our goal of polysilylene researches is to establish
interrelations among their various properties and further-
more explain them from the first principles. The present
article surveys recent advances in these researches. After
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describing the theoretical background and experimental
procedures in Sections 2 and 3, respectively, we are
concerned with optical and chiroptical properties (Section
4), global conformations (Section 5), and liquid crystallinity
(Section 7) of polysilylenes. In Section 6, we try to explain
the results given in Sections 4 and 5 consistently in terms of
the internal rotation potential.
Recently, we have reviewed polysilylenes with variety of
side-chains in another article [4]. Here we limit our
arguments to poly(dialkyl silylene)s, choosing the four
polysilylenes listed in Scheme 1: poly[(R)-3,7-dimethyloc-
tyl-(S)-3-methylpentylsilylene] (PRS), poly[n-hexyl-(S)-2-
methylbutylsilylene] (PH2MBS), poly[n-decyl-(S)-2-
methylbutylsilylene] (PD2MBS), and poly[n-hexyl-(S)-3-
methylpentylsilylene] (PH3MPS). We use the abbreviations
shown in the scheme to distinguish them. In principle, we
can make parallel arguments on other polysilylene
derivatives.
2. Theoretical background
2.1. Geometry of helical polysilylene chains
The backbone conformation of polysilylenes is deter-
mined by bond lengths, bond angles, and internal rotation
angles about Si–Si bonds. Changes in the bond length and
bond angle are so small in usual conditions that they play
only minor roles in arguments of the polymer conformation.
In the following, we consider the effect of the change in the
internal rotation angle on the helical conformation, keeping
the backbone bond length and bond angle to be 0.235 nm
and 1118, respectively [5].
The backbone conformation of a polysilylene chain with
the degree of polymerization N0 (or N0 2 1 main-chain
bonds) can be specified by the set of internal rotation angles
{ ~fk : 1 # k # N0 2 1}: When all the rotational angles take
an identical value, the polysilylene chain becomes a helix. It
was reported that poly[(di-n-butyl)silylene] and poly[(di-n-
pentyl)silylene] form a 7/3 helix in the crystalline state [1,
19], where three turns of the helix consist seven repeating
units. The internal rotational angle in those helical
polysilylene chains deviates from the trans state by 31.38,
and the helix pitch h per repeating unit is calculated to be
0.19 nm using the above bond length and bond angle.
For the polyethylene chain, it is well known that each
methylene unit can essentially take three different rotational
isomeric states: the trans, gauche, and gauche prime states.
When all the methylene units are in the trans state, the chain
takes the trans zig-zag conformation (which may be
regarded as a 2/1 helix), while the chain taking the all
gauche (or gauche prime) conformation becomes a 4/1
helix. On the other hand, in the case of poly(tetrafluor-
oethylene), the trans state causes steric hindrance between
bulky fluorine atoms attaching to the second nearest carbon
atoms along the main-chain, which makes the trans zig-zag
conformation unstable [20]. As a result, the poly(tetrafluor-
oethylene) chain forms a 13/6 or 15/7 helix in crystalline
state [21], where the rotational angle of each unit deviates
from the trans state by ca. 158. Similarly, the 7/3 helix of the
above-mentioned polysilylenes may arise from steric
hindrance between side-chains attaching to the second
nearest silicon atoms in the backbone (cf Fig. 1). The
distance between the two side-chains increases by rotations
about successive two bonds in the same direction from the
trans states as depicted in panels B and C of Fig. 1. The
steric hindrance among neighboring side-chains may also
prohibit the gauche and gauche prime states, if the side-
chain is bulky enough. In what follows, we assume that the
gauche and gauche prime states are completely prohibited
for helical polysilylenes.
We define the internal rotation angle ~fk as the dihedral
angle between two planes defined by neighboring bonds
k 2 1 and k; and k and k þ 1; respectively, measured
relative to the trans conformation and being positive at the
clockwise rotation about bond k in view from the bond k 2
1 side. It is noted that the conventional rotation angle fk is
measured relative to the cis conformation so that ~f is equal
to fk 2 1808: The polysilylene chain where all the internal
rotation angles ~f are equal to 31.38 is the perfect left-handed
7/3 helix and that with ~f ¼ 231:38 is the perfect right-
handed one. In solution, two kinds of disorder may be
introduced in the perfectly helical polysilylene chain: the
torsional fluctuation and the helix reversal. Thermal
agitation by surrounding solvent molecules induces a
more or less deviation of each internal rotation angle in
the helical polysilylene chains from the most energetically
stable state. This torsional fluctuation will be discussed in
the following subsection. In addition to this, the polysilylene
chain may drastically change ~f from þ31.38 to 231.38 or
its helical sense along the chain. The boundary between the
helical portions of opposite sense is another disorder or
defect of the chain. The chain may kink at this helix reversal
point.
If the internal rotational angle suddenly changes from
þ31.38 to 231.38 along the chain without some intermedi-
ate rotational state (the two-state approximation), we can
calculate the kink angle u^V formed by helix axes in both
Scheme 1. Chemical structures of optically active polysilylenes discussed
in this article.
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sides of the reversal point to be 188, which is not so large
angle. However, the two state approximation may not
always hold, but the helix reversal could consist of few
repeating units taking rotation angles other than ^31.38. For
example, Lifson et al. [22] demonstrated by an empirical
force field calculation of polyisocyanates that two or three
repeating units take some intermediate conformations other
than the right- nor left-handed helical conformations in the
helix reversal region. Unfortunately, such a force field
calculation has not been performed for polysilylene chains.
For helical polysilylene chains, it is known that the helix
reversal does not easily take place (cf. Section 4.2).
Difficulty of the helix reversal is also explained by steric
hindrance between side-chains attaching to the second
nearest silicon atoms in the backbone. If the sequential
internal rotation angles ~fk21 and ~fk are þ31.38 and231.38,
respectively, the side-chains under consideration come even
closer than the all trans state as schematically shown in Fig.
1D. To be released from this steric hindrance, the
polysilylene chain may take some intermediate confor-
mation with higher free energy than the helical ones at the
helix reversal. Thus the helix reversal costs excess free
energy DGr per mole of monomer unit and its probability
can be calculated by expð2DGr=RTÞ: where RT is the gas
constant multiplied by the absolute temperature.
2.2. Torsional fluctuation
The torsional fluctuation is usually expressed in two
ways. One is the Gaussian approximation. Assuming the
Gaussian statistics, one writes the population of the
rotational angle ~f about each bond in a helical polymer
chain by [23]
Pð ~fÞ ¼ 1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2pkð ~f2 ~f0Þ2l
q exp 2 ð ~f2 ~f0Þ2
2kð ~f2 ~f0Þ2l
" #
ð2:1Þ
where ~f0 is the average rotation angle and kð ~f2 ~f0Þ2l1=2 is
the standard deviation of ~f: The other is to assume some
specific internal potential Eð ~fÞ: According to the Boltzmann
distribution, Pð ~fÞ is given by
Pð ~fÞ ¼ exp½2Eð
~fÞ=RTÐ
exp½2Eð ~fÞ=RTd ~f ð2:2Þ
where Eð ~fÞ expresses the potential energy per mole of
repeating unit (or Si–Si bond) and the integration range in
the denominator is from 0 to p (for the left-handed helix) or
from 2p to 0 (for the right-handed helix). The standard
deviation is calculated by
kð ~f2 ~f0Þ2l ¼
Ðð ~f2 ~f0Þ2exp½2Eð ~fÞ=RTd ~fÐ
exp½2Eð ~fÞ=RTd ~f ð2:3Þ
Sato et al. [24] proposed the following equation to express
Eð ~fÞ for helical polysilylene chains:
Eð ~fÞ ¼ ET 2 C þ C e2ð ~f0=bÞ
2 ð ~f=bÞ2 þ C e2ð ~f=bÞ2 ð2:4Þ
where
C ;
ET 2 E0
12 ½1 þ ð ~f0=bÞ2e2ð ~f0=bÞ2
ð2:5Þ
and ET and E0 are potential energies at ~f ¼ 0 (the trans-
conformation) and ~f0 (the potential-minimum angle),
respectively, and b is a parameter relating the steepness of
the well.
For optically active polysilylenes, the mirror image of
Fig. 1. Schematic diagrams of a polysilylene chain with two successive bonds in the trans state (B), rotating in the same direction (C), and rotating in the
opposite direction (D) from the trans state.
T. Sato et al. / Polymer 44 (2003) 5477–5495 5479
the right-handed helix is not identical with the left-handed
helix due to chiral pendant groups. Due to this dissymmetry,
the internal potential Eð ~fÞ is not an even function of ~f for
optically active polysilylenes, so that the parameters in Eqs.
(2.4) and (2.5) (E0; ~f0; and b) should take different values in
the positive and negative ~f regions. In what follows, E0; ~f0;
and b at ~f , 0 are denoted as E0;P; ~f0;P; and bP; those at
~f . 0 as E0;M; ~f0;M; and bM; and helices with the negative
and positive ~f are referred to as the P-helix and M-helix,
respectively. We select the arithmetic average of E0;P and
E0;M as the reference energy, so that E0;P is equal to 2E0;M:
2.3. Statistical mechanics of helical chains
If the internal potential is double well-like as given by
Eq. (2.4), each repeating unit (or Si–Si bond) in the polymer
chain takes either P- or M-helical state, and the whole chain
conformation can be specified by a sequence of the two
states. Using Eð ~fÞ given by Eq. (2.4), statistical weights of
the repeating unit in the P- and M-helical states may be
calculated by
uP ¼
ð0
2p
exp½2Eð ~fÞ=RTd ~f;
uM ¼
ðp
0
exp½2Eð ~fÞ=RTd ~f
ð2:6Þ
and the free energy difference 2DGh between the M- and P-
helical states (per mole of the repeating unit) is defined by
uM
uP
¼ expð22DGh=RTÞ ð2:7Þ
For achiral polysilylenes, uP and uM are identical, so that
DGh is equal to zero.
Let us calculate the conformational partition function ZN0
of the helical polysilylene chain with the degree of
polymerization N0: The definition of the helix sense needs
at least three bonds, and the partition function Z4 of the
tetramer is given by uP þ uM: For the pentamer, we have
four different conformations, PP, PM, MP, and MM. As
mentioned in Section 2.1, the helix reversal in the PM and
MP conformations costs excess free energy DGr; so that the
statistical weight of those conformations is written as
uPuMy ; where y is the statistical weight of the helix reversal
given by
y ¼ expð2DGr=RTÞ ð2:8Þ
Thus the partition function Z5 reads u
2
P þ 2uPuMy þ u2M:
Just similarly, we can formulate ZN0 for higher N0: Using the
matrix method, it can be formally written as
ZN0 ¼ ð uP uM Þ
uP yuM
yuP uM
 !N024 1
1
 !
ð2:9Þ
Lifson et al. [25] calculated the partition function by the
sequence generating function method. This method does not
need tedious matrix calculations in Eq. (2.9) and is more
convenient to calculate ZN0 : Their result is written as
ZN0 ¼ xN0þ 1 þ y
	 ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
4
ðuP 2 uMÞ2 þ y 2
r !
þ xN02 12 y
	 ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
4
ðuP 2 uMÞ2 þ y 2
r !
ð2:10Þ
where
x^ ;
1
2
ðuP þ uMÞ^
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
4
ðuP 2 uMÞ2 þ y 2
r
ð2:11Þ
Average numbers of repeating units in the P- and M-states
expected in a polysilylene chain of the degree of
polymerization N0 can be calculated from ZN0 by
nP ¼
d ln ZN0
d ln uP
; nM ¼
d ln ZN0
d ln uM
ð2:12Þ
and also the average number of helix reversals in the chain
by
nV ¼
d ln ZN0
d ln y
ð2:13Þ
The expected fraction fP of the repeating unit taking the P-
state can be calculated by
fP ¼ nP=ðnP þ nMÞ ð2:14Þ
and the enantiomer excess is given by 2fP 2 1 ¼ ðnP 2
nMÞ=ðnP þ nMÞ: Lifson et al. [25] proposed a useful
approximated equation for 2fP 2 1 (cf Eq. (23) in their
paper). Since each helical sequence other than the first one
in the chain is initiated by a single helix reversal, the
average number of P- or M-sequences is equal to ðnV þ 1Þ=2;
and average numbers l0P and l0M of repeating units in a P- and
M-sequence can be calculated by nP and nM; respectively,
divided by ðnV þ 1Þ=2: For an infinitely long chain, the
arithmetic mean of l0P and l0M is given in a good
approximation by
kl0l ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
4
ðuP 2 uMÞ2 þ y 2
r 	
y 2 ð2:15Þ
In the above formulation of ZN0 ; we did not consider
possible intermediate rotational states of bonds other than
the P- nor M-states at the helix reversal (the two-state
approximation). However, because the helix reversal is a
rare event in the polysilylene chain, this is a good
approximation in the calculations of fP and kl0l:
2.4. Persistence length of helical polymers
Let us first consider a P-helical polysilylene chain with
no helix reversal. The internal rotation angle ~f of each
repeating unit in the chain fluctuates around the potential-
minimum angle ~f0;P: If the fluctuation of all ~f takes place
independently, the characteristic ratio for the chain at
sufficiently high degree of polymerization can be written as
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[26,27]
C1;P ¼ 1 þ cos u^
12 cos u^
 !
ð1 þ kcos ~ulPÞ2 þ ksin ~fl2P
12 kcos ~ul2P 2 ksin ~fl
2
P
ð2:16Þ
where u^ is the complimentary angle of the Si–Si–Si bond
angle and k· · ·lP represents the thermal average over the
fluctuation of ~f: Using the internal potential, we write the
averages kcos ~flP and ksin ~flP by
kcos ~flP ¼ 1
uP
ð0
2p
cos ~f exp½2Eð ~fÞ=RTd ~f;
ksin ~flP ¼ 1
uP
ð0
2p
sin ~f exp½2Eð ~fÞ=RTd ~f
ð2:17Þ
On the other hand, C1;P is written in terms of the wormlike
chain model as [27,28],
C1;P ¼ 2q0;Ph=b2 ð2:18Þ
where q0;P is the persistence length of the P-helix, h is the
helix pitch per the repeating unit, and b is the Si–Si bond
length. Combining Eqs. (2.16) and (2.18), we have
q0;P ¼ b
2
2h
1 þ cos u^
12 cos u^
 !
ð1 þ kcos ~flPÞ2 þ ksin ~fl2P
12 kcos ~fl2P 2 ksin ~fl
2
P
ð2:19Þ
If there is no fluctuation in ~f; kcos ~fl2P þ ksin ~fl2P is equal to
unity so that q0;P becomes infinity. The fluctuation of ~f
reduces q0;P to a finite value. Replacing k· · ·lP by k· · ·lM in
Eq. (2.19), we can obtain the persistence length q0;M of the
M-helix.
Next, we consider the effect of helix reversals on the
persistence length. As mentioned in Section 2.1, the reversal
points may cause kinks and the chain may not be regarded as
a regular wormlike chain. In 1986, Mansfield [29] proposed
the broken wormlike chain (BWC) model, which may be
suitable to describe helical polymer chains with helix
reversals. If P- and M-helical portions possess different
stiffness, the BWC can be defined as a continuous limit of a
freely rotating chain with three different types of bond
angles, corresponding to the P- and M-helix portions and the
helix reversal. The resulting effective persistence length q of
the BWC is given by
1
q
¼ fP
q0;P
þ 12 fP
q0;M
þ 12 cos u^V
kll
ð2:20Þ
where u^V is the kink angle at the helix reversal and kll is the
arithmetic mean of average lengths of a P- and M-sequence
on an infinitely long chain, i.e. kl0l ¼ hkl0l where kl0l is given
by Eq. (2.15). The quantity kll is sometimes referred to as
the ‘helical persistence length’ in literature, but it should be
distinguished from q; because the contribution of the third
term on the right-hand side of Eq. (2.20) is often minor [25].
Mansfield [29] demonstrated that the mean-square end-
to-end distance and radius of gyration of the BWC are
identical with those of the original wormlike chain with the
persistence length being equal to q given by Eq. (2.20), and
the difference appears in the fourth and higher moments of
the end-to-end distance R: Employing the Koyama distri-
bution function for R [30], Mansfield calculated the mean
reciprocal end-to-end distance kR21l of the BWC as a
function of q; the contour length L; and the parameter d
defined by
d ;
q
2kll
ð12 cos u^VÞ2 ð2:21Þ
The parameter d is equal to lðl2 2 l1Þ=l1l in the original
paper [29], and at d ¼ 0; the kink contribution disappears in
the BWC. According to his result, if d # 0:3; kR21l of the
BWC is equal to that of the original wormlike chain within
3.5% error for any q and L: Thus we can expect that the
intrinsic viscosity and hydrodynamic radius of the BWC,
which are calculated from the mean reciprocal distance
between any two contour points on the BWC, are
indistinguishable from those of the regular wormlike
chain, if d is small enough. Dilute solution properties of
helical polymers have been so far analyzed in terms of the
regular wormlike chain model to obtain q [7,8,10,9,31–33],
and the resulting q may be identified with that of the BWC
in most of cases where d is small enough.
2.5. Electronic states of polysilylene chains
Polysilylenes are known as s-conjugated polymers or
quasi-one-dimensional semiconductors exhibiting interest-
ing optical and electro-optical properties. In the chains, sp3
atomic orbitals protruded from adjacent Si atoms strongly
overlap, and the bonding and unbonding states of the sp3
orbitals are incorporated to provide the highest occupied and
the lowest unoccupied molecular orbital bands. It was
shown that the band structure of the polysilane chain
strongly depends on the coplanarity of the s-bonds [34–36].
This indicates that the optical absorption spectrum of
polysilylene chains depends on the backbone conformation.
In fact, poly(dialkyl silylene)s taking different helical
conformations in solid state exhibits different absorption
spectra [35,36].
Abe et al. [36–38] performed a quantum-mechanical
calculation using a one-dimensional exciton model includ-
ing long-range Coulomb interactions between electron and
lattice and also between electrons in the chain. The
absorption spectrum they obtained quite resembles exper-
imental one for polysilylenes. Furthermore, Abe et al.
[38–40] introduced a lattice fluctuation in his model and
demonstrated that the exciton absorption significantly
weakens and broadens with increasing the degree of
fluctuation. Although the lattice fluctuation in his one-
dimensional model cannot be directly related to the
polysilylene backbone conformation, his result indicates
that the optical absorption spectrum depends on some
disorder in the backbone conformation of polysilylenes.
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3. Experimental section
Poly(dialkylsilylene)s were prepared by the Wurtz-type
condensation of the corresponding dichlorodiorganosilane
with sodium in an inert solvent. Polymerized samples were
divided into a number of fractions of considerably narrow
molecular weight distributions by fractional precipitation or
by SEC; the ratio of the z-average to weight-average
molecular weights usually less than 1.2 [8,9].
Weight-average molecular weights Mw of fractionated
samples were determined in isooctane by sedimentation
equilibrium or light scattering [8,10]. The apparent
molecular weight estimated by SEC with a calibration
curve constructed using standard polystyrene samples
considerably overestimates Mw in a high molecular weight
region; the apparent molecular weight of a high molecular-
weight PD2MBS sample was five times as high as Mw [41].
Intrinsic viscosities ½h and z-average radii of gyration
kS2l1=2z of fractionated polysilylene samples were measured
in isooctane by viscometry and light scattering, respect-
ively, [8]. Viscosity measurements of very high molecular
weight samples were made with a four-bulb low-shear rate
capillary viscometer, and ½h were determined by extrapol-
ation to the zero shear rate. Second virial coefficients of the
samples in isooctane were estimated by light scattering and/
or sedimentation equilibrium.
The circular dichroism (CD) and ultraviolet absorption
(UV) of isooctane solutions of fractionated polysilylene
samples were measured with a quartz cell of 0.5 cm path
length at wavelengths between 260 and 360 nm [42].
Concentrations of test solutions were chosen so as to give
absorbency at the peak between 0.8 and 1.5. To avoid the
photodegradation of the samples during the measurements,
different solutions were used at each temperature.
4. Optical and chiroptical properties [42,9]
4.1. Experimental results
Fig. 2 shows the CD and UV spectra of a PH3MPS
sample ðMw ¼ 51:0 £ 104Þ in isooctane at the indicated
temperatures. It is seen that both curves have a sharp
absorption peak centered at wavelength l < 320 nm; and
change their shapes with temperature. The strong CD signal
at low temperatures demonstrates that the Si backbone of
this polysilylene takes some helical conformations and
furthermore the population of the enantiomeric helical
conformations is uneven. However, the CD signal almost
disappears at 25 8C. The peak height of the UV spectrum
also decreases with increasing temperature, but it does not
tend to zero even at 25 8C.
The molecular weight dependencies of the CD and UV
spectra for PH3MPS in isooctane are shown in Fig. 3 (at
275 8C). While both CD and UV curves for high molecular
weight samples (F12, F32, and F42) overlap each other, the
peak heights of both curves diminish along with decreasing
the molecular weight. The change of the CD curve is more
rapid than that of the UV.
The magnitude of an absorption band is usually
characterized by the dipole strength D calculated from the
molar absorption coefficient 1 by [43,44]
D ¼ 3 ln 10~c10"
pNA
ðlmax
lmin
1
10l
dl ð4:1Þ
where ~c is the velocity of light, 10 is the permittivity of
vacuum, " is the Planck constant divided by 2p; and NA is
the Avogadro constant. (To transform the units of 1 from the
conventional to the SI units, 1 in the integral is divided by
10.) For polysilylene derivatives, we choose lmin and lmax
to be 270 and 340 nm, respectively, in most cases. The
dipole strength is equal to the square of the electric dipole
transition moment which can be calculated from first
principles. As shown in Fig. 4 by unfilled circles, D for
PH3MPS is almost independent of temperature and degree
of polymerization N0; though it slightly decreases at very
low N0:
On the other hand, the basic quantity of the CD spectrum
Fig. 2. CD and UV spectra of a PH3MPS sample (Mw ¼ 51:0 £ 104;
N0 ¼ 2570) in isooctane at the indicated temperatures.
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is the rotational strength R0 calculated by [43,44]
R0 ¼ 3 ln 10~c10"
4pNA
ðlmax
lmin
D1
10l
dl ð4:2Þ
Theoretically, it is defined as the product of the electric and
magnetic transition moment vectors. The ratio 4R0=D is
referred to as the Kuhn dissymmetry factor, and can be used
as a measure of molecular chirality. Though the estimates of
D and R0 need integrations, we can simply estimate the
dissymmetry factor gabs from the ratio of the peak heights of
CD and UV curves for PH3MPS, because we can overlap
the two curves at each temperature and each molecular
weight by multiplying a factor. Fig. 5 displays temperature
and N0 dependencies of gabs for PH3MPS.
If an optically active small molecule or (electronically
independent) unit in a polymer chain has a single
chromophore, takes a single conformation, and its electronic
moments are insensitive to nuclear displacements (or
molecular vibrations and torsions), its CD and UV exhibit
the following characteristic features [45]: (1) the CD and
UV curves have the identical shape; (2) D and R0 are
characteristic to the molecule or repeating unit, being
independent of the temperature, solvent condition, and
degree of polymerization. The results shown in Figs. 2–4
exemplify the above features, but R0 given in Fig. 5 does not
exhibit the feature (2). This indicates that the repeating unit
of PH3MPS takes either of enantiomeric right-handed and
Fig. 3. Molecular weight dependencies of the CD and UV spectra for
PH3MPS in isooctane at 275 8C: N0 ¼ 4400 (F12), 2570 (F32), 1290
(F42), 635 (F52), 333 (F62), 185 (F72), 103 (O1), 55.4 (O2), 34.5 (O3), and
15.5 (O4) [42].
Fig. 4. Temperature and degree of polymerization dependencies of the
dipole strength D for PH3MPS and PRS in isooctane calculated by Eq.
(4.1). The temperature dependence is examined by a PH3MPS sample with
N0 ¼ 2570 and a PRS sample with N0 ¼ 1020; while the N0 dependence is
examined at 275 8C (PH3MPS) and 230 8C (PRS).
Fig. 5. (A) Temperature and (B) N0 dependencies of the Kuhn dissymmetry
factor gabs for PH3MPS in isooctane [42].
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left-handed helical conformations, because the enantio-
meric conformations possess the same D but R0 with the
opposite sign. Thus the changes in R0 or gabs with
temperature and N0 can be ascribed to variations of the
enantiomer excess of the right- and left-handed helical
conformations. In other words, we can estimate from gabs
the enantiomer excess of the polysilylene repeating unit in
solution.
From the above argument, the results of gabs shown in
Fig. 5 demonstrate that the enantiomer excess of the
PH3MPS repeating unit sharply diminish with increasing
temperature or lowering N0 to approach to the racemic state.
The temperature dependence becomes stronger with
increasing N0: Similar temperature and N0 dependencies
of the enantiomer excess were observed previously for
stereospecifically deuterated poly(n-hexyl isocyanate)s by
Green et al. [25,46–48]. In Fig. 5A, triangles indicate gabs
for a PD2MBS sample ðMw ¼ 1:2 £ 106Þ in 25 8C isooctane.
For this polysilylene, gabs maintains high values or
enantiomer selectivity persists up to higher temperatures.
On the other hand, gabs of PH3MPS with high Mw catches up
that of PD2MBS at low temperature limit, which indicates
that the level-off value ( ¼ 2.7 £ 1024) corresponds to the
limit of the enantiomer excess.
Fig. 6 shows the CD and UV spectra of a PRS sample
with Mw ¼ 2:6 £ 105 in isooctane at the indicated tempera-
tures. The temperature dependence of the UV spectrum is
quite similar to that for PH3MPS shown in Fig. 2, but the
CD spectrum changes its sign from negative to positive with
decreasing temperature. Similarity of the CD and UV curves
and also constancy of the dipole strength D are maintained
irrespective of temperature and N0 just like for PH3MPS as
shown by filled cricles in Fig. 4, so that we may estimate the
enantiomer excess from gabs for this polysilylene too.
The temperature dependence of gabs are shown in Fig. 7.
The critical temperature where gabs becomes zero is
common for every samples in isooctane (ca. 3 8C), but the
change in the vicinity of the critical temperature is sharper
for higher N0 samples. The change of the gabs sign indicates
that the preferred helical sense of PRS is thermally inverted
at this critical temperature. A molecular mechanical
calculation for PRS implies that the right-handed helical
conformation is more stable at low temperature [6]. Thus,
we tentatively assume that the positive gabs corresponds to
the right-handed helical state (P-state) of PRS.
As shown in Fig. 8, the values of gabs are almost
independent of molecular weight in the range N0 . 10
3; but
their absolute values for lower molecular weight samples
decrease significantly with decreasing N0: The asymptotic
value in the low temperature and high N0 limits is
2.0 £ 1024, which is slightly smaller than the corresponding
value for PH3MPS and PD2MBS mentioned above. The
molecular weight dependencies shown in Figs. 5B and 8 are
key characteristics in order to discuss thermodynamic
parameters DGh and DGr for the helical structure of
PH3MPS and PRS in isooctane, which will be discussed
in the following subsection.
Fig. 9 compares gabs of PRS dissolved in three different
solvents, n-heptane, methylcyclohexane, and 2,2,4,4,6,8,8-
heptamethylnonane. The critical temperature changes with
the bulkiness of the solvents. This indicates that DGh is
strongly dependent on the solvent bulkiness. On the other
hand, we observed essentially no solvent dependence of gabs
for PH3MPS [42].
Although the dipole strength is essentially independent
of the temperature and N0 as shown in Fig. 4, the shape of
Fig. 6. CD and UV spectra of a PRS sample with Mw ¼ 2:6 £ 105 ðN0 ¼
1020Þ in isooctane at the indicated temperatures [9]. Fig. 7. Temperature dependence of gabs for PRS in isooctane [9].
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the UV curve itself are remarkably temperature and N0
dependent. The shape of the spectrum can be characterized
by the wavelength of the peak ðlmaxÞ; the peak height ð1maxÞ;
and the full width at half-maximum (fwhm). The N0
dependencies of these quantities for PH3MPS at 25 and
275 8C are illustrated in Fig. 10A–C. It is seen that these
quantities are independent of N0 at N0 . 300; but sharply
change below that N0: The asymptotic values of lmax; 1max;
and fwhm at large N0 are plotted against temperature in Fig.
10D; the subscript 1 indicates the asymptotic values. The
broadening of the spectrum with increasing temperature
reflects on both 1max;1 and fwhm1; but lmax;1 is almost
independent of temperature.
The temperature and molecular weight dependencies of
the UV spectrum for PRS were similar to those for
PH3MPS. However, the temperature dependencies of
1max;1 and fwhm1 for high molecular weight PRS were
weaker than those for PH3MPS in Fig. 10D [9]. The shape
of the UV spectra for PRS and PH3MPS will be discussed in
Section 6.
4.2. Thermodynamic parameters for the helical
conformation
As mentioned above, we can assume that the repeating
units of polysilylene chains taking the right-handed (P) and
left-handed (M) helical conformations have the same
absolute values of the dipole and rotational strengths D
and R0 but opposite sign of R0: In such a case, we can relate
gabs to the fraction fP of the repeating unit taking the P-state
Fig. 8. N0 dependence of gabs for PRS in isooctane [9].
Fig. 9. Comparison of gabs for PRS dissolved in three different solvents [6].
Fig. 10. N0 dependencies of (A) peak wavelength lmax; (B) the full width at
half-maximum fwhm, and (C) the peak height 1max of UV spectra for
PH3MPS in isooctane at 25 8C (unfilled circles) and275 8C (filled circles),
and (D) temperature dependencies of the asymptotic values at high N0;
lmax;1 (squares), fwhm1 (triangles), and 1max;1 (circles) [42].
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by
gabs ¼ gPð2fP 2 1Þ ¼ gP nP 2 nM
nP þ nM ð4:3Þ
where gP is the Kuhn dissymmetry factor of the repeating
unit taking the P-state.
We may take the asymptotic value of gabs in the low
temperature and high N0 limits as gP : 2.7 £ 1024 for
PH3MPS and 2.0 £ 1024 for PRS. Using these values of gP
as well as gabs data as given in Figs. 5, 7, and 8, we obtain fP
as functions of N0 and temperature. On the other hand, if
DGh and DGr are given, fP can be calculated using Eqs.
(2.10)–(2.12) and (2.14) in Section 2.3 or Lifson et al.’s
approximate equation (Eq. (23) in Ref. [25]). We have
searched values of DGh and DGr leading to the best fit to the
experimental values of fP at each temperature by trial and
error. The solid curves in Figs. 5B and 8 indicate the
theoretical results of the best fits for PH3MPS and PRS,
respectively, which satisfactorily fit to the experimental gabs
for both polysilylenes.
The fitting parameters, DGh and DGr determined for
PH3MPS and PRS at each temperature, are compared in Fig.
11. Values of 2DGh are much lower than the thermal energy
RT at room temperatures (<2 kJ/mol). For PH3MPS, 2DGh
is almost independent of temperature, indicating that the
enthalpic contribution is much larger than the entropic
contribution (2DHh=RT ¼ 0:029; 2TDSh=RT ¼ 20:001 at
225 8C). On the other hand, for PRS it changes approxi-
mately linearly with temperature and furthermore its sign is
inverted at ca. 3 8C. Both enthalpic and entropic contri-
butions, 2DHh=RT and 2TDSh=RT ; are estimated to be ca.
0.20 at the inversion temperature for this polysilylene. The
thermal helix-sense inversion of PRS corresponds to this
change of the DGh sign. The inversion of the DGh sign will
be argued in connection to the internal rotation potential in
Section 6. In Fig. 11, the results of a stereospecifically
deuterated poly(n-hexyl isocyanate) (aPdHIC) in n-hexane
are also shown by unfilled squares [47]. The values of 2DGh
for this polymer is much smaller than PH3MPS and PRS
(except in the vicinity of the critical temperature). This is
due to weaker chirality of the asymmetric carbon on the
side-chains of the deuterated poly(n-hexyl isocyanate).
For both PH3MPS and PRS, temperature dependencies
of DGG are weak and the magnitudes are much larger than
2DGh and also thermal energy ðRT , 3 kJ=molÞ: Thus the
helix reversal hardly takes place in the polysilylene chains.
If the helix reversal is difficult to occur, neighboring
repeating units in the chains are forced to take the same
helical state, and this correlation induces strong enantiomer
selectivity from small 2DGh and also interesting cooperative
phenomena in CD for helical homopolymers and copoly-
mers [49]. The sharp sigmoidal changes of gabs (or CD) with
temperature and N0 shown in Figs. 5, 7, and 8 come from
this difficulty of the helix reversal in the chains. Values of
DGr for a deuterated poly(n-hexyl isocyanate) (filled
squares in Fig. 11) are even larger than those for PH3MPS
and PRS, and the large DGr induce the strong isotope effect
on CD or optical activity of the polymer [47].
5. Global conformations [7–10]
5.1. Experimental results
Fig. 12 shows a double-logarithmic plot of ½hM0 versus
N0 for four polysilylenes in isooctane, where ½h is the
intrinsic viscosity, M0 is the molar mass of the repeating unit
and N0 is degree of polymerization calculated from
Fig. 11. Thermodynamic parameters DGh and DGG determined for
PH3MPS (circles) [42] and PRS (diamonds) [9] in isooctane as well as
previous results for poly((R)-1-deuterio-n-hexyl isocyanate) (squares) in n-
hexane [47].
Fig. 12. Double-logarithmic plot of ½hM0 versus N0 for four polysilylenes
in isooctane [7–10]. Continuous curves indicate theoretical values for the
wormlike cylinder model with parameters listed in Table 1, and the dotted
curve corresponds to theoretical values for PH3MPS in the unperturbed
state ðB ¼ 0Þ:
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experimental Mw divided by M0: The quantity ½hM0 is a
measure of polymer chain size being proportional to the
hydrodynamic volume divided by N0; and we can compare
the chain size of different polysilylenes with the same
number of main-chain silicon atoms in this figure. The three
curves followed by data points for PRS, PH2MBS, and
PD2MBS come close each other and the power-law
exponent (i.e. the slope of the curves) at intermediate N0
is ca. 1.3. This exponent is appreciably higher than that
expected for flexible polymers, indicating that those
polysilylenes possessing considerably high chain rigidity.
On the other hand, data points for PH3MPS remarkably
deviate downward from the curves for such rigid poly-
silylenes, and the power-law exponent at high N0 is as low
as 0.75, which is expected for flexible polymers.
As shown in Fig. 13A, ½h for high molecular weight
PH3MPS samples exhibit strong temperature depen-
dence. The molecular weight dependence of ½h is also
temperature dependent (cf. Fig. 13B). The power-law
exponent increases with decreasing temperature; it
reaches to 1.03 at 215 8C in an intermediate molecular
weight range, indicating chain stiffening of PH3MPS at
low temperatures. For PRS, the temperature dependence
of ½h was much weaker than that for PH3MPS; the ½h
increment is only 16% with changing temperature from
25 to 215 8C for a PRS sample ðMw ¼ 9:1 £ 105Þ with
½h ¼ 28 £ 102 cm3/g at 25 8C [9]. Furthermore, the
temperature dependence of ½h for this PRS sample did
not exhibit any singularity around the critical tempera-
ture where the helical sense is reversed (cf. Fig. 7).
Thus, PRS shows no transition in the global confor-
mation at this temperature.
Fig. 14 compares radii of gyration kS2l1=2z for the same
polysilylenes in the same solvent conditions as in Fig. 12.
Here, kS2l1=2z is another measure of the polymer chain size,
and the data given in this figure are consistent with the ½h
data shown in Fig. 12 with respect to the order of the chain
size among the four polysilylenes. The slope of the double-
logarithmic plot of kS2l1=2z versus N0 is about 0.8 for
PH2MBS and PD2MBS, which is another evidence for the
non-flexible-chain nature of these polysilylenes. The order
of the chain size indicates that the backbone of PRS is
slightly stiffer than those of PH2MBS and PD2MBS, and the
backbone of PH3MPS is much flexible than the other three
polysilylenes.
Fig. 14 also shows kS2l1=2z data of poly(di-n-octyl
silylene) (P2OS) and poly(di-n-hexyl silylene) (P2HS)
samples in solution obtained by Cotts et al. [50]. The data
indicates that P2OS and P2HS with linear alkyl side-chains
are as flexible as or even more flexible than PH3MPS. It
should be however noticed that since the P2OS and P2HS
samples used are photodegraded ones without fractionation,
their molecular weight distributions are rather broad so that
their kS2l1=2z data may not be competent for quantitative
arguments.
5.2. Persistence length
The standard model to express the global chain
conformation of rigid or semiflexible polymers is the
wormlike-chain model [27,28]. This is a continuous chain
model which is characterized in terms of the total contour
length L and the persistence length q: For helical polymers,
L can be calculated from the pitch h per the repeating unit
multiplied by the degree of polymerization N0; so that h and
q are the characteristic parameters of this model chain.
Detailed analyses of ½h and kS2l1=2z data for polysilylenes
shown in Figs. 12–14 using this model chain were described
Fig. 13. Temperature and molecular weight dependencies of ½h for
PH3MPS in isooctane [8]. No. of each sample in Panel A is given in the
caption of Fig. 3
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in previous papers [8,9]. Here we present only results
obtained in the previous analyses.
The hydrodynamic calculation of ½h needs to specify the
polymer chain thickness. When one uses the wormlike-
cylinder model [28], the cylinder diameter d is introduced
in the theory of ½h as an additional parameter. Furthermore,
if the polymer chain is flexible enough, we have to consider
the intramolecular excluded-volume effect on ½h and the
radius of gyration. In quasi-two-parameter theories of the
excluded volume effect [28], the strength of this effect is
expressed in terms of the excluded-volume strength B per
unit contour length.
In Fig. 12, solid curves indicate best fits of experimental
½h data of the four polysilylenes to the theory of the
wormlike cylinder model. For all the polysilylenes, fitting is
satisfactory. The dotted curve for PH3MPS is for the
unperturbed state where B ¼ 0; showing the excluded-
volume effect to be appreciable for this polymer at high
degrees of polymerization. On the other hand, for the other
stiffer polysilylenes, calculations of ½h using reasonable
values of B do not change the theoretical curves from the
unperturbed state, so that this effect is not important in the
ranges of N0 examined. For PH3MPS, ½h data at different
temperatures shown in Fig. 13 were also analyzed to
estimate the wormlike cylinder parameters. Table 1 lists the
parameters determined by the fitting.
The radius of gyration kS2l1=2z for the wormlike chain
model is given by [51]
kS2l1=2 ¼ 2q 1
6
N 2
1
4
þ 1
4N
2
1
8N2
ð12 e22NÞ
 1=2
ð5:1Þ
where N is the number of Kuhn’s statistical segments
calculated by N ¼ hN0=2q: Solid curves in Fig. 14 indicate
that theoretical values for the polysilylenes calculated by
this equation with the wormlike-chain parameters listed in
Table 1. The theoretical curves almost fit to the data points,
confirming the estimates of the wormlike-chain parameters.
The z-average radius of gyration determined by light
scattering is however more strongly affected by polydis-
persity in the molecular weight than ½h: Thus, slight
downward deviations of the theoretical curves may be
responsible for this polydispersity effect.
In Table 1, the persistence length q determined for
PH2MBS is 14 times as large as that of PH3MPS, despite
the location of the methyl group on the side-chain differing
only one carbon atom, i.e. b-carbon and g-carbon. The
methyl group on the b-carbon atom of the alkyl side-chain
may interact so strongly with neighboring side-chains that
the internal rotation about main-chain Si–Si bonds is tightly
constrained. On the other hand, such constraints are more or
less relieved for PH3MPS because the methyl groups are
removed by one carbon atom more from the main-chain.
However, the introduction of one more methyl group at the
g-carbon atom in another side-chain of PH3MPS drastically
stiffens the polysilylene chain as demonstrated by PRS (see
Scheme 1). PRS is even stiffer than aromatic polyamides,
polyisocyanates, and double-helical DNA ðq # 60 nmÞ
[52]. Comparing q values of PH2MBS and PD2MBS, the
longer alkyl side-chain in PD2MBS does not contribute to
the chain stiffness but even makes slightly more flexible the
chain. As explained in the next section, the chain stiffness is
governed by the steepness of the internal-rotation potential
in the main-chain. The slightly shorter q of PD2MBS
implies that the longer non-branched alkyl side-chain makes
the potential of silicon backbone less steeper. In sum, the
potential is affected by the chemical structure of the side-
chain of polysilylenes very sensitively and in a complex
way.
The persistence length of PH3MPS strongly depends on
temperature as seen in Table 1. The temperature dependence
of q for PRS was examined by ½h data for one PRS sample
with a high molecular weight of 9.14 £ 105 at different
temperatures, with assuming temperature independence of h
and d: The analysis indicates that q slightly increases with
decreasing temperature but its dependence is weaker than
Fig. 14. Double-logarithmic plot of kS2l1=2z versus N0 for six polysilylenes,
PRS [9], PH2MBS [7], PD2MBS [10], PH3MPS [8], poly(di-n-octylsily-
lene) (P2OS) [50], and poly(di-n-hexylsilylene) (P2HS) [50]. Continuous
and dotted curves indicate theoretical values for wormlike-chain model
with the parameters listed in Table 1 and in the unperturbed state with
B ¼ 0; respectively.
Table 1
Parameters characterizing polysilylene chain conformations in isooctane
Polymer Temperature (8C) h (nm) q (nm) d (nm) B (nm)
PRS [9] 25 0.200 103 3.0 0
PH2MBS [7] 20 0.197 85 2.0 0
PD2MBS [10] 25 0.197 70 1.6 0
PH3MPS [8] 227 (0.196)a 15.4 (1.8)a (1.7)a
215 0.196 11.9 1.8 1.7
5 (0.196)a 7.7 1.8 1.7
25 (0.196)a 6.1 1.7 1.7
45 (0.196)a 5.0 1.8 1.7
a Assumed values.
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that for PH3MPS, and it exhibits no significant singularity at
the inversion temperature 3 8C (cf. Fig. 16). The tempera-
ture dependence of q includes an important information on
the internal-rotation potential, which will be discussed in the
next section.
In contrast with the persistence length, the pitch h per the
repeating unit determined (cf. the third column of Table 1) is
ca. 0.2 nm irrespective of the side-chain chemical structure
of polysilylenes. This value closely agrees with the pitch
( ¼ 0.19 nm) calculated for the 7/3 helix of the polysilylene
chain using the standard bond length and bond angle and
also with the pitch (0.197 nm) estimated from the X-ray
fiber pattern for poly(n-pentylsilylene) in crystalline state
[53]. Thus, the (most stable) local helical conformation is
not essentially affected by the chemical structure of the side-
chain nor by environment.
6. Internal potential and helix reversal [24]
In the preceding two sections, we have determined the
free-energy difference 2DGh between the P- and M-helical
states and the persistence length q of optically active
polysilylenes. These two quantities are closely related to the
internal rotation potential Eð ~fÞ through Eqs. (2.6), (2.7),
(2.17), (2.19), and (2.20) as explained in Section 2.
Fig. 15 shows Eð ~fÞ about the central bond for oligomers
of isotactic (it) and syndiotactic (st) PRS with N0 ¼ 31
terminated with hydrogen, calculated by molecular mech-
anics with the pcff force field [6]. For both it and st
oligomers, Eð ~fÞ clearly indicates double minimums at ~f0 <
^208; and the minimum at ~f0 < 2208 is slightly lower than
that at ~f0 < 208: This means that the repeating unit of PRS
can take almost enantiomeric right-handed (P) and left-
handed (M) helical states and the P state is more stable
energetically. The stable rotation angles are close to but
slightly smaller than ^31.38 expected for the 7/3 helix of
polysilylenes.
In this section, we adopt standard values for the Si–Si
bond length b ( ¼ 0.234 nm) and the Si–Si–Si bond angle u
( ¼ 1118), as used in Section 2, but the stable internal
rotation angles ~f0 to be ^208 according to the result of the
molecular mechanics in Fig. 15. Furthermore, we assume
that the right-handed helix ð ~f0 ¼ 2208Þ is more stable than
the left-handed. When we use ^208 for the stable ~f0; the
helix pitch h per the repeating unit and the kink angle u^V at
the helix reversal becomes 0.192 nm and 118, respectively,
which are not so much different from those for the 7/3 helix
(cf. Section 2).
For some polysilylenes, right- and left-handed helices
exhibit CD signals at slightly different wavelengths [54],
which indicates that pitches of the right- and left-handed
helices are not identical for such polysilylenes. However,
CD peaks of both PH3MPS [42] and PRS [6,9] in solution is
essentially unaltered with changing the right- and left-
handed helical population, so that we have no reason for
choosing different absolute values of ~f0 for the P- and M-
helices for PH3MPS and PRS.
6.1. Determination of parameters
If we expresses Eð ~fÞ using Eq. (2.4), we have to
determine four adjustable parameters, ET; E0;P ð¼ 2E0;MÞ;
bP; and bM; where the subscripts P and M indicate that
parameters are in the negative and positive ~f regions,
respectively. Furthermore, Eq. (2.20) of q contains one more
unknown parameter u^V; kll ¼ hkl0l can be calculated from
Eq. (2.15) using DGh and DGr experimentally determined.
Thus we have totally five adjustable parameters to calculate
2DGh and q: The magnitude and temperature dependence of
DGh are mainly determined by E0;P and the difference bM 2
bP: On the other hand, the magnitude and temperature
Fig. 16. Comparison between theory and experiment of the persistence
length q for PRS and PH3MPS [24].
Fig. 15. Internal potentials for PRS calculated by molecular mechanics and
obtained by fitting to experimental DGh and q [6,24].
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dependence of q are predominantly affected by bP (or bM)
and u^V: Both DGh and q depend on ET only weakly.
Therefore, if ET is rather arbitrarily chosen, the remaining
parameters can be determined by fitting theoretical results to
experimental DGh and q:
Referring to the result of the molecular mechanical
calculation, we choose 8 kJ/mol as ET of PRS. Then the
other parameters can be determined almost uniquely to fit to
experimental DGh and q: The solid curve in Fig. 15 indicates
Eð ~fÞ calculated by Eq. (2.4) with the parameters deter-
mined. This potential provides solid curves for PRS in Figs.
11 and 16 calculated by the theories for DGh and q: In the
calculation of q; we have used a value of 108 as u^V:
Although not shown, a value of u^V larger than 208 did not fit
to the temperature dependence of q as good as at u^V ¼ 108:
As mentioned above, the two-state approximation gives us
u^V to be 118, which is consistent with the above estimate for
PRS. The value of d calculated by Eq. (2.21) using the fitting
parameters is less than 3.5 £ 1024, so that ½h of the broken
and regular wormlike chain models with the same q are
indistinguishable.
At present, we have no information on ET for PH3MPS,
but we expect that it may be lower than that for PRS because
of less bulky side-chains. If we choose 4 kJ/mol as ET of
PH3MPS, we can determine the remaining parameters
almost uniquely to fit to experimental DGh and q: Solid
curves for PH3MPS in Figs. 11 and 16 show the fitting
results, where we have used a value of 558 as u^V:
Uniqueness of the determination of u^V is demonstrated by
dotted and dot-dash curves in Fig. 16; the determination was
also independent of the choice of ET: The value of u^V
determined is much larger than that for PRS as well as the
expected value from the two-state approximation. This
implies that the PH3MPS chain takes some intermediate
conformation at the helix reversal. Although polymer is
different, molecular mechanical calculations for polyiso-
cyanates [22,55] demonstrated that two or three repeating
units in the vicinity of the helix reversal of a polyisocyanate
chain take some intermediate conformations other than the
right- nor left-handed helical conformations. The value of d
for PH3MPS was less than 0.156, guaranteeing the
identification of q of the broken and regular wormlike
chain models.
6.2. Free energy difference between the P- and M-states
To discuss the temperature dependence, we formally
divide DGh into the enthalpic and entropic terms as
DGh ¼ DHh 2 TDSh ð6:1Þ
where DHh and DSh are the enthalpy and entropy differences
between the two states (DHh ; Hh;M 2 Hh;P; DSh ; Sh;M 2
Sh;P; cf. Eq. (2.7)). The temperature dependence of DGh is
governed by the competition between the enthalpic and
entropic terms.
In Fig. 17A, the internal potential for PRS already shown
in Fig. 15 (the continuous curve) is plotted against the
absolute value of ~f to compare the P- and M-states. The
deepness and steepness of Eð ~fÞ between the two states are
appreciably different for PRS. These two differences
provide DHh and DSh; respectively. From the figure, it
turns out that both DHh and DSh are positive, and the
enthalpic and entropic terms in Eq. (6.1) stabilize the P- and
M-helical states, respectively. Therefore, the helix sense
inversion observed for PRS can be interpreted as the
competition between the enthalpic and entropic contri-
butions or the two kinds of differences in Eð ~fÞ: For
PH3MPS, on the other hand, Eð ~fÞ shown in Fig. 17B is
almost symmetric, which corresponds to small DSh: As done
in a previous paper [9], the relations of the internal potential
to DHh and DSh are more intuitively illustrated by using a
double square-well potential.
The difference in the shape of Eð ~fÞ between PRS and
PH3MPS comes from difference in the side-chain chemical
structure of the two polymers: both side-chains of PRS
Fig. 17. Comparison of the internal potentials in the P- and M-states;
calculated by Eq. (2.4) with the parameters detemined from the DGh and q
data; (A) PRS and (B) PH3MPS.
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are chiral, so that its internal potential may be more
dissymmetric than that of PH3MPS having only one chiral
side-chain. Molecular mechanical calculations can expli-
citly consider the effect of the side-chain structure on Eð ~fÞ
However, the results of molecular mechanics shown in Fig.
15 slightly exaggerate the dissymmetry of Eð ~fÞ for PRS
than that determined from DGh and q data. Although the
disagreement of Eð ~fÞ in the high energy region may not so
important in calculations of DGh; DGh is so sensitively
dependent on the shape of Eð ~fÞ in the vicinity of the
minima, that the molecular mechanics cannot precisely
predict the thermal inversion of the helix sense of PRS at
present.
As demonstrated in Fig. 9, the critical temperature of the
helix sense inversion for PRS increases with bulkiness (or
the number of branches) of hydrocarbon solvents. This may
come from a decrease in DSh with increasing the solvent
bulkiness. Although not explicitly considered above, DSh in
solution must include the packing or translational entropy of
solvent molecules. The easiness of the packing of solvent
molecules may be different in the vicinity of polymer chains
taking the P- and M-states, but bulky solvent molecules may
hardly recognize the chiral environment near the polymer
chain. In a previous paper [9], we have formally quantified
the solvent dependencies not only of DSh but also of DHh
using the double square-well potential to explain the
relation between the inversion temperature and the number
of branches of solvent molecule.
6.3. Persistence length
As seen from Eq. (2.20), the persistence length q is
affected by the three factors, the degree of the torsional
fluctuation as well as the frequency and kink angle of the
helix reversal. The degree of the torsional fluctuation and
the frequency of the helix reversal are expressed in terms of
the arithmetic mean of standard deviations kd ~fl½; kð ~f2
~f0Þ2l1=2M þ kð ~f2 ~f0Þ2l1=2P Þ=2 calculated from Eq. (2.3) and
the arithmetic mean kll of average lengths of a P- and M-
sequence given from Eq. (2.15) ðkll ¼ hkl0lÞ; respectively.
Fig. 18 compares both quantities for PRS and PH3MPS,
calculated from the potentials shown in Fig. 17 and the
thermodynamic parameters shown in Fig. 11. It can be seen
that both degree of torsional fluctuation and frequency of the
helix reversal are higher for PH3MPS than for PRS and
furthermore that the temperature dependence of kll is much
stronger than that of kdfl for both polysilylenes. As
mentioned in subsection 6.1, the kink angle u^V at the helix
reversal is larger for PH3MPS than for PRS. Therefore, all
the factors affecting q make the PH3MPS chain more
flexible than the PRS chain, which give rise to the
remarkable difference in q between PH3MPS and PRS.
The chain flexibility expressed by q21 consists of
contributions of the torsional fluctuation and of the helix
reversal as indicated by Eq. (2.20). The former contribution
is represented by kq210 l ; fPq0;P21 þ ð12 fPÞq0;M21 : Fig. 19
shows the relative contribution of the torsional fluctuation to
the chain flexibility, i.e. the ratio of kq210 l to q21 for
PH3MPS and PRS. At low temperatures, kq210 l=q21 for
PH3MPS is large and the chain flexibility is mainly
determined by the torsional fluctuation of the internal
rotation. On the other hand, the ratio decreases with
increasing the temperature, demonstrating that the kink
due to the helix reversal plays an important role in the chain
flexibility at higher temperature. For PRS, the ratio is almost
unity irrespective of temperature, so that the kink due to the
helix reversal little contributes to the chain flexibility for
this polymer. This comes from long kll and small u^V for
PRS. The minor contribution of the helix reversal to q was
also indicated for polyisocyanates theoretically [25] and by
viscosity and light scattering experiment [56].
6.4. Absorption spectrum
Fujiki [57] found that the maximum 1max and the half-
width fwhm of ultraviolet (UV) absorption spectra of
Fig. 18. Temperature dependencies of the arithmetic mean of standard
deviations kdfl of the internal rotation angle and the arithmetic mean kll of
average lengths of a P- and M-sequence for PRS and PH3MPS [24].
Fig. 19. Ratio of kq210 l to q21 for PH3MPS and PRS [24].
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various polysilylenes closely correlate to their chain
stiffness (or the Mark–Houwink–Sakurada exponent). As
explained above, the persistence length is related to the
torsional fluctuation and the helix reversal, so that electronic
state of polysilylene chains may be also correlated to the
two disorders of the helical conformation.
Fig. 20 compares 1max and fwhm for PH3MPS [42] and
PRS [9] at sufficiently high molecular weights; the data for
PH3MPS have been already shown in Fig. 10D. As found by
Fujiki, stiffer polysilylene exhibits stronger 1max and
narrower fwhm. Furthermore, both quantities strongly
depend on temperature. When those 1max and fwhm are
plotted against kll; data points almost follow universal
curves, but we could not obtain composite curves when
plotting 1max and fwhm for PRS and PH3MPS at different
temperature against kdfl; as demonstrated in Fig. 21. Thus,
we may say that not the torsional fluctuation but the helix
reversal correlates to the electronic state of polysilylene
chains.
Abe [38] demonstrated by a quantum mechanical
calculation that in conjugated polymeric systems, the
fluctuation in the interatomic distance (or the quantum
lattice fluctuation) makes the absorption spectrum broader.
However, the effect of the helix reversal on the electronic
state in conjugated polymers has not been examined yet.
The results shown in Fig. 21 indicate that such an
examination is quite interesting to reveal the interrelation
between the global conformation and optical-electronic
properties of polysilylenes.
7. Lyotropic liquid crystallinity [10]
Recently it was found that PD2MBS possesses both
lyotropic and thermotropic liquid crystallinity. Fig. 22
shows the molecular weight dependence of the critical
concentration cI where the cholesteric phase begins to
appear in isooctane solutions of PD2MBS by circles. It is
almost molecular-weight independent in the high Mw
region, but sharply increases with decreasing Mw: On the
other hand, Watanabe, Kamee, and Fujiki [14] reported a
cholesteric phase in PD2MBS in the bulk at Mw higher than
1.8 £ 104. The strong Mw dependence of the lyotropic cI
data at low Mw seems to be consistent with their critical
molecular weight for the thermotropic liquid crystallinity;
the specific volume (corresponding to cI) of the bulk
PD2MBS is about 0.98 cm3/g.
The scaled particle theory (SPT) for hard wormlike
spherocylinders is a standard statistical-mechanical theory
used in the quantitative argument of the isotropic-liquid
crystal phase equilibrium in stiff polymer solutions [52].
Here we compare the molecular weight dependence of cI for
PD2MBS with this theory. The theory needs three molecular
parameters, h; q; and the hard-core diameter d0 of the
cylinder, to calculate cI: The former two parameters have
already determined from ½h data in Section 5 (see Table 1).
Fig. 20. Temperature dependencies of the maximum 1max and the half-
width fwhm of UV absorption spectra for PH3MPS [42] and PRS [9] at
sufficiently high molecular weight.
Fig. 21. Plots of the asymptotic maximum 1max and the half-width fwhm of
UV absorption spectra against (A) kll and (B) kdfl for PH3MPS and PRS
[24].
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The last parameter d0 may be estimated from the partial
specific volume y by the equation
d0 ¼ 4 yM0
pNAh
 1=2
ð7:1Þ
where NA is the Avogadro constant. Using the experimental
value for y ( ¼ 1.107 cm3/g) and h ¼ 0:197 nm; we have a
value of 1.7 nm for d0 of PD2MBS.
The solid curve in Fig. 22 indicates theoretical values of
cI calculated by the SPT. The theory agrees with
experimental results at high Mw; but underestimates cI at
Mw , 5 £ 104: So far, the SPT has successfully predicted cI
of typical stiff polymer solutions. Because the SPT includes
higher virial terms in thermodynamic quantities, it is
applicable up to high concentrations [52]. The remarkable
deviation in the low molecular weight region indicates that
some residual conformational entropy remains in the short
polysilylene chain in the isotropic phase, which is not taken
into account in the theory.
The rigidity of the PD2MBS chain comes from the steric
hindrance among neighboring side-chains. In the middle of
the main-chain, each side-chain strongly interacts with
neighboring side-chains on the both sides along the main-
chain, but at the chain end, side-chains may interact each
other more loosely, so that the internal rotation in the
backbone chain should occur more freely in the vicinity of
both chain ends than in the middle of the main-chain. In
other words, the PD2MBS chain may be more flexible in the
vicinity of the chain ends. At sufficiently high molecular
weights, this flexibility effect at the chain ends is neglected,
but it may be important with decreasing the molecular
weight.
Incorporating the chain end effect, Natsume et al. [10]
used the tailed wormlike chain model to calculate cI: This
model chain consists of three portions, the wormlike-chain
middle portion 2 and the freely jointed-chain end portions 1
and 3 of which contour lengths are denoted as L2; L1; and L3;
respectively. If the contour length of the end portions 2L1ð¼
L1 þ L3Þ is chosen to be 8.6 nm, the SPT for this model
chain provides cI indicated by dotted curve in Fig. 22, which
are in good agreements with experimental results in the low
Mw region. The representation of the end portions by the
freely jointed chain is a little bit so crude that we do not
argue the physical significance of the contour length of the
end portions obtained. It is noted that the flexibility effect at
the chain ends appreciably affects the isotropic-liquid
crystal phase equilibrium, but it does not essentially
contribute to the intrinsic viscosity as demonstrated by
Natsume et al. Therefore, the wormlike chain analysis in
Section 5.2 is hardly affected by this effect for all
polysilylenes.
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